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Objectives: The role of Pseudomonas aeruginosa in the long-term prognosis of chronic obstructive pulmonary disease (COPD) is unknown. The purpose of this study was to determine whether P. aeruginosa is associated with increased risk of exacerbations or death in patients with COPD. Methods: This is a multiregional epidemiological study based on complete data on COPD outpatients between 1 January 2010 and 31 October 2017 and corresponding microbiology and national register data. Time-dependent Cox proportional hazards models and propensity matching was used to estimate hospitalization-demanding exacerbations and death after 2 years, separately and in combination. Results: A total of 22 053 COPD outpatients were followed for a median of 1082 days (interquartilerange: 427e1862). P. aeruginosa was present in 905 (4.1%) patients. During 730 days of follow-up, P. aeruginosa strongly and independently predicted an increased risk of hospitalization for exacerbation or all-cause death (HR 2.8, 95%CI 2.2e3.6; p <0.0001) and all-cause death (HR 2.7, 95%CI 2.3e3.4; p <0.0001) in analyses adjusted for known and suspected confounders. The signal remained unchanged in unadjusted analyses as well as propensity-matched subgroup analyses. Among patients 'ever colonized' with P. aeruginosa, the incidence of hospital-demanding exacerbations doubled after the time of the first colonization. Conclusions: COPD patients in whom P. aeruginosa can be cultured from the airways had a markedly increased risk of exacerbations and death. It is still not clear whether this risk can be reduced by offering patients targeted antipseudomonal antibiotics. A randomized trial is currently recruiting patients to clarify this (ClinicalTrials.gov: NCT03262142). J. Ekl€ 
Introduction
According to the Global Burden of Disease Study, 3.2 million people died from chronic obstructive pulmonary disease (COPD) in 2017 [1] , and the burden of the disease continues to grow [2] . A large part of the burden of COPD is associated with recurrent exacerbation events which impair health status and worsen the prognosis [3] .
Pseudomonas aeruginosa has been reported to be present in the airways in 4e20% of patients with acute exacerbation of COPD [4e7]. Although the evidence is sparse and the methodology variable, it has been suggested that P. aeruginosa is associated with prolonged hospitalization, increased exacerbation rate and poor long-term prognosis in COPD patients [8e10]. However, no definitive conclusions regarding the clinical impact of P. aeruginosa in COPD patients can be made since the bacterium is seen primarily in advanced disease [6, 11] , which is in itself a strong predictor for poor prognosis [12] .
Thus, the aim of the current study was to evaluate whether P. aeruginosa is independently associated with long-term adverse outcomes in COPD patients. To address this, we conducted a multiregional observational study with complete follow-up on the investigated endpoints, and we performed multivariate regression analyses and propensity score matching.
Methods

Study design
This was a multiregional cohort study of COPD outpatients with and without P. aeruginosa cultured from the lower respiratory tract.
Data sources
Data from nationwide and regional administrative registries in accordance with current Danish laws (Data Protection Agency: 2012-58-0004; The Danish National Committee on Health Research Ethics: H-15010949). According to these laws, informed consent is not required for registry-based studies. Linkage between registries was done by using unique personal identification numbers, which allows an exact linkage on individual level and ensures complete follow-up [13] .
Data were retrieved from the nationwide Danish Register of Chronic Obstructive Pulmonary Disease (DrCOPD). The DrCOPD holds individual data on all outpatient visits and hospital admissions due to exacerbation of COPD, in patients aged 30 years or above, at all Danish hospitals since 2008. Fig. 1 displays the inclusion process. All patients who were registered with a visit to the outpatient clinic between 1 January 2010 and 31 October 2017 in the DrCOPD were included. Patients with malignant neoplasms within 5 years prior to study entry were excluded since this condition is strongly associated with mortality and may affect the ability to interpret the results of the study exposure.
( Supplementary Table S1 lists the International Classification of Disease 10th revision (ICD-10) codes used to define malignant neoplasms.)
DrCOPD data were linked with microbiology data from the Clinical Microbiology Departments in Eastern Denmark (Region Zealand and Capital Region), with approximately 2.6 million inhabitants. We defined the study population as COPD outpatients with any microbiological data. All patients from Eastern Denmark were included, regardless of microbiological status. Patients from the western part of Denmark were not included since we could not gain access to microbiological data for these patients. Study entry day was defined as the date for the patients first visit to the outpatient clinic in the DrCOPD.
Patient characteristics
Patient characteristics were assessed at study entry. Information was obtained from the DrCOPD and the Danish National Patient Registry (DNPR). The DNPR holds data on all Danish in-hospital and out-patient-clinic contacts since 1977 ( Supplementary Table S2 lists the ICD-10 codes used to define comorbidities).
Pseudomonas aeruginosa status
Exposure was defined as any P. aeruginosa-positive culture sample from the lower respiratory tract (i.e. sputum, tracheal secretion, bronchial secretion and bronchial alveolar lavage) after the study participant's entry date in the DrCOPD until end of follow-up on 31 October 2017. Exposure date was defined as the date of the first registered positive sample.
Outcome measures
The primary outcomes of this study were (a) combined endpoint of hospitalization for exacerbation or all-cause death, and (b) allcause death separately, respectively, after 2 years.
A secondary analysis was performed to estimate the separate outcome of hospitalization for exacerbation after 2 years using a competing risk model ( Supplementary Table S7 ).
We chose to assess outcome after 2 years since we expected a general low long-term survival rate in the study population based on previous national [14] and international literature [15] on mortality in COPD. Data on outcomes were retrieved from the DrCOPD and DNPR. ICD-10 codes used to define exacerbation are listed in Supplementary Table S3 .
Statistical methods
A time-dependent Cox proportional hazard regression model was developed to assess the risk between P. aeruginosa and outcome. P. aeruginosa was included as a time-dependent variable, taking time period as exposed within the first 2 years from study entry into account. Change in status from unexposed to exposed could only occur once, at the time for exposure date, and remained unchanged during the remaining follow-up time. The Cox model was adjusted for known and suspected cofounders assessed at study entry based on previous literature in the field: age (continuous), sex (male versus female), severity of airflow obstruction based on percentage predicted forced expiratory volume in the first second; forced expiratory volume (FEV 1 ) (ordinal: 1e4), medical research council dyspnoea scale (MRC) (ordinal: 1-5), body mass index (BMI) (continuous), smoking status (active versus not active), previous hospitalization for exacerbation of COPD within 12 months prior to study entry (yes versus no), inhaled corticosteroid; ICS (yes versus no) and calendar year for entry in DrCOPD (ordinal: 2010e2017). Patients with unknown smoking status were classified as non-active smokers. No forward or backward variable selection was made. The models were tested for linearity of continuous variables, proportion of hazards and interactions and found to be valid.
A greedy-matched propensity score model [16] was applied as a sensitivity analysis, forming a subpopulation of patients with available microbiological data on culture samples from the lower respiratory tract. The model used algorithms created and maintained by biomedical statisticians at the Mayo Clinic [17] . Patients with P. aeruginosa-positive samples were matched (1:5 ratio) with patients who had never-positive-P. aeruginosa lower respiratory tract samples using calendar year for study entry and the probability of being exposed to P. aeruginosa based on characteristics at study entry: i.e. age, sex, FEV 1 % predicted, MRC, BMI, inhaled corticosteroids (ICS), smoking status and previous hospitalization for exacerbation. In patients with unknown FEV 1 % predicted, MRC and BMI at study entry, measurements from the first following outpatient clinic visit were used. In the propensity matched population, the risk estimates of P. aeruginosa were calculated by comparing outcomes between the two matched groups by using a univariate Cox proportional hazard model (i.e. Pseudomonas status: positive versus negative). Sample date were set as exposure date in both groups. The estimate was retested using a robust variance estimator, accounting for the lack of independence in outcomes induced by the matching.
A second propensity score model, inverse probability of treatment weighting (IPTW) of propensity score [16] , was additionally performed as a sensitivity analysis ( Supplementary Table S6A -C). Cox proportional hazard regression models are presented as hazard ratios (HRs) with 95% confidence intervals (95%CIs). Cumulative incidence plots are used to illustrate the cumulative probability of exacerbation and death. Continuous variables are presented as median values and interquartile ranges. Group comparisons were performed using non-parametric test (Wilcoxon two-sample test) and t-test when appropriate. Categorical variables are reported as frequencies and proportions and compared between groups using Fisher's exact test. A p 0.05 was considered statistically significant. Statistical analyses were performed using SAS statistical software 9.4 (SAS Institute Inc., Cary, NC, USA) and statistical software R (version 3.4.3).
Results
A total of 22 053 COPD outpatients were identified in the DrCOPD between 1 January 2010 and 31 October 2017 ( Fig. 1 ). Patients were followed for 1082 days (interquartile range: 427e1862). The number of patients with P. aeruginosa was 905 (4.1%). Table 1 displays the characteristics of patients who were P. aeruginosapositive and P. aeruginosa-negative during the study period at the time for inclusion into the study. The two groups were similar overall, except for clinically relevant differences in lung function capacity, frequency of hospital-demanding exacerbation for COPD prior to study entry, prescribed corticosteroid inhalation medicine and concurrent diagnoses of asthma and bronchiectasis. Follow-up completion for study outcomes were 100% in both groups. Time to initial P. aeruginosa-positive sample was 649 days (interquartilerange: 216e1278).
Outcomes
Hospitalization for exacerbation or all-causes death (94% versus 48%, p <0.0001) and all-cause death separately (41% versus 17%, p <0.0001) after 2 years occurred more frequently in P. aeruginosapositive patients than in patients without P. aeruginosa. P. aeruginosa was associated with a significantly increased risk of both outcomes in unadjusted analyses (HR 3.7, 95%CI 3.0e4.6, p <0.0001 and HR 5.1, 95%CI 4.4e5.8, p <0.0001 respectively) and the risk remained large and significant in the multivariable analyses ( Table 2 ). Fig. 2 illustrates the cumulative incidence.
In the P. aeruginosa-positive patients, the incidence rate of hospital-demanding exacerbations substantially increased after the first isolation of P. aeruginosa compared to before the isolation of the bacterium (Fig. 3) .
Sensitivity analyses
A subgroup of 4679 patients with COPD were analysed in the propensity matched model. This group consisted of 798 P. aeruginosa-positive patients (17%) matched 1:5 with 3881 patients (83%) with lower respiratory tract samples never positive for P. aeruginosa ( Supplementary Fig. S1 ). Patient characteristics of the two groups are presented in Supplementary Table S4 . P. aeruginosa-positive patients experienced significantly higher rates of both hospitalization for exacerbation or all-cause death (89% versus 77%, p <0.0001) and all-cause death separately (47% versus 37%, p <0.0001), and they had a numerically higher incidence of exacerbations compared to P. aeruginosa-negative patients ( Supplementary Table S5 ). Although the estimates were somewhat reduced, P. aeruginosa remained strongly and significantly associated with both study outcomes (HR 1.7, 95%CI 1.5e1.8, p <0.0001 and HR 1.4, 95%CI 1.3e1.6, p <0.0001 respectively). Supplementary Fig. S2 illustrates the cumulative incidence. The outcome signal remained unchanged in the inverse probability of treatment weighting (IPTW) propensity score model ( Supplementary Table S6A -C).
Lastly, the estimates for hospital-demanding exacerbation remained high in the competing risk analysis in the main cohort population (adjusted HR 2.7, 95%CI 2.1e3.5, p <0.0001) and propensity score subgroups ( Supplementary Table S7 ).
Discussion
In this multiregional long-term follow-up epidemiological study of COPD outpatients, we found a low prevalence of P. aeruginosa. Patients with P. aeruginosa were substantially more likely to be hospitalized for exacerbation of COPD or die of all causes compared to those who never had this bacterial pathogen. Moreover, among the patients who had P. aeruginosa isolated at any time, there was a substantial increase in the incidence rate of hospital-demanding exacerbations after the first isolation of P. aeruginosa compared to before isolation of this bacterium. The result was robust for adjustment for several known and suspected confounders and was confirmed in propensity score sensitivity analyses using two different models.
To our knowledge, this study is the largest study ever to investigate the prevalence of P. aeruginosa and the clinical implications of colonization with this bacterium in an unselected population of COPD patients. Additionally, as compared with other research in this field, the current study is the first to report complete long-term follow-up on explored outcomes via nationwide registries.
Previous studies have primarily reported on smaller groups of patients, and the risk of selection bias and information bias may have been higher [4e11,18] . The prevalence of P. aeruginosa in our study is considerable lower than that in most of these previous studies [4, 7, 8] , with reports of P. aeruginosa in up to 20% of the patients [8] . Our study was performed using complete data from the entire Eastern Denmark population during nearly 8 years.
Our finding that patients colonized with P. aeruginosa had poor outcome is consistent with that of Almagro et al. [10] , who found P. aeruginosa to be an independent prognostic marker of 3-year mortality in a prospective study of 181 patients hospitalized with COPD exacerbation. In contrast, Boutou et al. [18] reported no association between P. aeruginosa and long-term survival in COPD outpatients in a smaller study (n ¼ 132); power issues may, at least in part, explain that negative finding. Colonization with P. aeruginosa plays an important role in the course of other chronic lung diseases, in particular cystic fibrosis [19] . P. aeruginosa is also associated with poor outcomes in patients with bronchiectasis, in whom colonization with this bacterium has been reported to be increased three-fold [20] .
The completeness of data in the current study is a major strength, allowing us to report long-term follow-up with high accuracy in a well-characterized, large and unselected group of patients. Additionally, the diagnoses used for acute COPD exacerbation and several of the comorbidities in the study have been validated with high positive predictive values in the DNPR (>90%) [21] . Moreover, use of robust and multiple acknowledged statistical models, adjusting for important prognostic predictors, further strengthens the internal data validity. Nevertheless, no definitive conclusions regarding causality can be drawn based on our data due to the observational design. Moreover, we hold no data on antibiotic utilization in the population. Thus, it is impossible to account fully for other possible unknown confounders that could have affected the results. However, the large study size and multiregional design makes the results most likely to be generalizable to other COPD outpatients inside and outside Denmark with similar COPD characteristics.
Patients were included in the study based on the diagnosis of COPD and any available microbiological data. Thus, P. aeruginosapositive patients could possibly be compared to patients where respiratory cultures never were performed. This could be considered a limitation. However, the patients entered the study at their first visit to the outpatient clinic, prior to and independently of possible respiratory samples in both groups. Furthermore, our propensity score sensitivity analyses were based on a subgroup of patients where data on respiratory cultures were available.
We chose not to control for comorbidities since the major diseases were evenly distributed between the groups. The slight difference in concurrent asthma was controlled for by adjusting for ICS in both the main and the sensitivity analyses. ICS was seen to be strongly correlated to exacerbations. This is not surprising since ICS is associated with increased risk of pneumonia and is reserved for patients with more severe disease [22] . However, ICS use did not appear to affect mortality. Few patients in our population had bronchiectasis. As a sensitivity analysis, we ran the main regression model while excluding these and this did not alter the signal.
The study addresses the prognostic role of P. aeruginosa in COPD, and it reveals that this infrequent bacterium has a substantial association with key outcomes, including exacerbations and mortality. Our study was not designed to address the mechanism associated with these unwanted events. However, possible theories include enhancement of airway inflammation, resulting in susceptibility to exacerbations and accelerated loss of lung function [23e25]. P. aeruginosa is a well-established contributor to irreversible decline in lung function in cystic fibrosis, and the pathogenesis is closely linked to well-studied and complex virulence mechanisms, including a high genetic flexibility and biofilm formation [19, 26, 27] .
In conclusion, the long-term outcome, both in regard to death and hospital-demanding exacerbations, was substantially worse in those COPD patients colonized with P. aeruginosa. Further research is needed to give a deeper understanding of the mechanism behind these adverse clinical outcomes. And, most importantly, trial data are needed to determine whether targeted Pseudomonas-active antibiotic interventions can improve the prognosis in this highly vulnerable group of patients. A randomized trial is currently recruiting patients to clarify this (ClinicalTrials.gov: NCT03262142).
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